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ABSTRACT
Trichloro(2,U-pentanedionato)titanium(IV), when allowed to 
react with alcohols and pyridine in a 1:1:1 molar ratio in dichloro- 
methane, yielded pyridinium pentachloro(alkoxy)titanate(IV) salts and 
chloro(alkoxy)bis(2,U-pentanedionato)titanium(IV) complexes. The 
latter complexes were shown by conductance measurements to be non­
ionic and by NMR spectral data to exist in the cis configuration in 
trichloromethane. Alcohols used in this investigation were 1-propanol,
2-propanol, and 2-propen-l-ol.
William R. C. Munsey 
Department of Chemistry 
The College of William and Mary in Virginia
REACTIONS OF TRICHLORO((3-DIKETONATO)TITANIUM(IV) 
COMPLEXES WITH ALCOHOLS IN THE PRESENCE OF PYRIDINE
I. BACKGROUND AND GOALS OF THE RESEARCH PROBLEM
The initial goal of the research -described in this thesis 
was the synthesis of apparent five-coordinate dichloro(alkenyloxy)- 
(3-diketonato)titanium(IV) complexes via the reaction of the parent 
unsaturated alcohol■with known trichloro(3-diketonato)titanium(IV) 
complexes in a 1:1 molar ratio in dichloromethane solution. It was 
hoped, for example, that 2-propen-l-ol would react with trichloro- 
(3-methyl-2,4-pentanedionato)titanium(lV) to eliminate hydrogen chloride 
and yield dichloro(2-propen-l-oxy)(3-methyl-2,4-pentanedionato)titanium- 
(IV).
Complexes of this type were thought to be of interest because 
their apparent five-coordinate character would allow interaction at the 
vacant sixth coordination site between the titanium center and the 
7r electrons of the double bond of the alkenyl chain. Such interaction 
might activate the unsaturated linkage. Specifically, it was hoped 
that the reaction between a dichloro(alkenyloxy)(3-diketonato)titanium- 
(IV) species and an appropriate metal alkyl such as methyllithium or 
triethylaluminum would lead to alkylation of the double bond via a 
Ziegler-type mechanism'1'. In the Ziegler type process (illustrated in 
Figure I) the metal alkyl would first undergo exchange with a chloride 
ion at titanium to give a a-bonded titanium alkyl complex (i). This 
titanium alkyl complex would then undergo a typical Ziegler-type
1
X^  (OR)TiL + M-RT— > X(R» ) (OR)TiL + M-X
_ _ > ^ 0 „
(insertion)
or
II
II + 2 Ho0  >R'-C-C-(C) -OH or R.-C-(C) -OH + TiO + LH + HX
Figure I. Postulated Alkylation Scheme for Alkenyloxy Groups
3insertion as illustrated to form a second titanium alkyl complex (il). 
Decomposition of this latter complex in 'water ■would yield the alkylated 
alcohol.
Contrary to our expectation, it was found that the reaction 
of alcohols and trichloro(3-diketonato)titanium(IV) complexes in either 
the presence or the absence of a Lewis base did not yield the expected 
dichloro(alkoxy)(3-diketonato)titanium(IV) complexes. On the other 
hand, several unexpected, interesting, and previously unreported 
chloro(alkoxy)bis(3-diketonato)titanium(IV) complexes were isolated 
and characterized. These complexes form the basis of later discussions.
II. REVIEW OF TITAETUM( TV )-[3-DIKETONATE COMPLEXES
A. Preliminary Considerations
A substantial amount of study has been devoted in recent years
to complexes of tetravalent titanium with the anions of enolizable
3-diketones. Complexes of empirical formulas TiX^L^, TiX^L, and TiXYL^ ,,
in "which L is a 3—diketonate anion and X .and Y are various uninegative
monodentate ligands, have been isolated, as have compounds of empirical
formulas (TiL^)A and (TiL^J^A1 in which A and A ’ are, respectively,
uninegative anions such as SbCl^- or FeCl^ and dinegative anions such 
2—  2as PtClg . 3-Eiketones used in these studies include 2 ,4-pentanedione 
3-imethyl-2 ,b-pentanedione, l-phenyl-1,3-butanedione , 'and 1 ,3-diphenyl-l,
3-propanedione; monodentate ligands include halides, alkoxides and 
phenoxides, and the cyclopentadienide anion, (C^H^) .
The major interest in these compounds, aside from aspects of 
their synthesis, lies in the area of structure and stereochemistry.
Some of the most reasonable structural and stereochemical possibilities 
for the various stoichiometries are presented below.
(l) For compounds of the empirical formula TiX^L^ the structural 
question posed is whether the complexes are simply monomeric and non­
ionic or polymeric and/or ionic. If the complexes are mono meric and 
non-ionic, then the question arises as to whether the cis or trans
structure is predominant. A plausible polymeric structure for these
+  2—
complexes is of the ionic type (TiL^ )^TiX^
(2) Similarly, complexes of the type TiXYL^ can theoretically exist
in an ionic form or as monomeric and non-ionic cis and trans stereoiso­
mers .
(3) TiX^L complexes have the possibility of existing as monomeric, 
penta'coordinate species or as dimeric or oligomeric complexes with 
oxygen or halogen bridges and of coordination number six or higher.
(4) Trisubstituted complexes (TiL^)A may reasonably be either ionic, 
containing a hexacoordinate complex cation (TiL^+ ), or they may be 
neutral monomeric complexes with titanium having a coordination number 
of seven.
B. Mixed Halide-B-Diketonate Ligand Complexes of Titanium(lV)
1. TiX^ Li^  Complexes
3 .
Rosenheim, Loewenstamm, and Singer were the first to report
the preparation of a titanium(lV)-3-diketonate complex. These workers
carried out the reaction of titanium(IV) chloride with 2,U-pehtanedione
in diethyl ether and isolated a solid product which they postulated to
be the etherate of trichloro(2,U-pentanedionato)titanium(lV),
ii S
TiCl^CC^H^O^) • )^ 0,. However, further study by Dilthey ’ of the
reaction of titanium(lV) chloride and 2,U-pentanedione in glacial acetic 
acid and chloroform led to the isolation of a product identical in 
nature to that isolated by Rosenheim et_ al. Analysis showed the 
titanium(lV) complex to have the empirical formula TiCl^Cj-H^Q^)^*
On the basis of a rather high melting point and chemical similarities 
to tris(2,U-pentanedionato)silicon(lV) chloride hydrochloride,
[Si(c h?o2)3] C1*HC1, Dilthey suggested that the titanium(IV) complex
was the trimeric saltlike bis[tris(2,lj~pentanedionato)titanium(lV)] 
hexachlorotitanate(IV), [Ti(C^H^O^)^3^TiCl^. This structural interpre­
tation persisted into the i960 1s.
6 T 8In 1961-62 Mehrotra et al. 5 investigated the titanium(lV)
chloride-2,4-pentanedione system. These workers did isolate a complex
identical to that reported by Dilthey. However, the complex was found
to be monomeric in boiling benzene and to have molar conductivities in
2 —1 —1nitrobenzene ranging between 6.8 and 8.6 cm ohm mole for solutions
-3of concentrations on the order of 10 molar. These conductivity values,
though quite high for a nonelectrolyte, are nevertheless not high
enough to suggest a 2:1 electrolyte as previously proposed. In 1967 
9Fay and Lowry reported a molar conductivity value m  nitrobenzene for
2 —1 —1TiCl^C^-H^O^)g, of 0.57 cm ohm mole , which is more consistent with 
values expected for a nonelectrolyte. Fay and Lowry also found the 
compound to be monomeric in benzene by vapor pressure osmometry.
Although dichlorobis(2,U-pentanedionato)titanium(lVj was 
prepared at the turn of the century, it was only in the latter half 
of the i960 1s that other dihalobis(8-diketonato)titanium(IV) complexes 
were reported. Table I lists the dihalobis(8-diketonato)titanium(IV) 
complexes which have been reported to date. Data for all of these 
complexes except diiodobis(2,^-pentanedionato)titanium(lV), which 
will be discussed in detail later, is most consistent with the mono­
meric, non-ionic structure.
All of the dihalobis(8-diketonato)titanium(IV) complexes listed 
are prepared by reaction at reflux of the appropriate titanium(lV) 
halide and 3-diketone in a 1:2 molar ratio in an inert organic solvent 
such as chloroform, dichloromethane, etc. Most of the complexes are
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EXPLANATION OF SYMBOLS USED IN TABLE I* PAGE 7
1. Observed molecular -weights: The designation v after
a value for an observed molecular "weights indicates the value "was 
determined by vapor pressure osmometry using benzene as solvent; c_ 
after a value indicates the value "was determined eryoscopically in 
nitrobenzene.
22. Molar conductivities: Values listed are in units of cm
ohm ^ mole Conductivity values "were determined at or near room
temperature in nitrobenzene. The value listed for diiodobls —
( 2 pentanedionato ) titanium (TV ) "was determined in diehloromethane
because of the greater stability of diehloromethane solutions of this 
compound.
3. Melting points: The designation dec, after a value for
a melting point indicates that the compound decomposed in the listed 
temperature range.
b. References: Reference numbers refer to the Bibliography.
9sensitive to atmospheric moisture and consequently must , "be prepared
and handled under dry atmospheres. For example, chloroform solutions
of dichlorobis(2,U-pentanedionato)titanium(lV) have been shown to
hydrolyze in a limited amount of air to the chloroform solvate of
chlorobis(2,U-pentanedionato)titanium(IV)-y-oxo-chlorobis-
13(2,4-pentanedionato)titanium(IV)
For monomeric and non-ionic complexes of the type TiX^L^ in 
which L is a symmetric (3-diketonate ligand, as mentioned previously, 
two stereochemical possibilities exist; these possibilities involve 
the occurrence of the monodentate ligands as cis or trans with respect 
to one another. These stereochemical possibilities are illustrated in 
Figure II. The cis isomer has symmetry and therefore will have a 
molecular dipole moment (assuming no accidental cancellation by group 
moments). Furthermore, the symmetry is such that there are two distinct 
pairs of 1,3-R groups, a trans set (R^, R^) and a cis set (R^, -^3 )* 
Therefore if the 1,3-R groups are methyl groups, and no exchange is 
occurring, and there is no accidental chemical shift dependency, it 
is expected that two separate methyl, resonance peaks having equal inten­
sities would be observed in the NMR spectrum for a compound of this 
type. Only one peak is expected for the resonance from the two R 1 
groups. The trans isomer has symmetry, therefore possessing no
dipole moment; consequently, only one peak for the 1,3-R groups and 
one peak for the two R1 groups should be observed in the JMR spectrum 
of a compound of this type. Thus both dipole moment and NMR spectral 
data may provide stereochemical information.
10
R
R.
3
cis (C2) trans
Figure II. Stereochemical Possibilities for TiX^L^ Complexes 
In Miich L is a Symmetric |3-Diketonate Ligand
Fay et al.^’~^?~^ have investigated the dihalobis(2,4- 
pentanedionato)titanium(lV) series (halo = F, Cl, Br). Dipole moment 
measurements for these complexes'^ give values of 6.4, 7»1, and 6.8 
debyes for the fluoro, chloro, and bromo complexes,, respectively.
l4Fay and Lowry carried out temperature dependent NMR studies on the 
above series, using diehloromethane as solvent. For each of the com- 
• piexes only a single methyl resonance peak was observed at ca. 30°.
Upon cooling, however, the methyl resonance peak broadens and even­
tually splits into two peaks of equal intensity (see Figure III). This 
again is consistent with the existence of only the cis isomer in solution 
in each case. The coalescence temperatures for the methyl resonances 
observed for these complexes and the kinetic parameters for methyl 
group exchange are listed in Table II.
12Temperature-dependent NMR spectra observed by Fay and Serpone 
for dihalobis(l,3-diphenyl-l,3-propanedionato)titanium(rV") complexes 
are consistent with the cis configuration in diehloromethane solution 
for these compounds as well; the phenyl region of each of these spectra 
shows a pattern of several sharp lines at ca. 30°. These lines are 
observed to broaden with decreasing temperature until only two broad 
peaks are observed between -20° and -40°; below c_a. -40° the lines again 
sharpen into a series of sharp peaks, extending over a broader portion 
of the spectrum than the lines observed at 30°. Dipole moment studies 
also confirm the cis structure.
The dihalobis(3-methyl-2,4-pentanedionato)titanium(IV) com­
plexes have been examined in the NMR by Thompson, Somers, and Workman 
These workers found that the terminal methyl resonances collapsed from
12
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Figure III. Variable-temperature Metfiyl Proton NMR Spectra of 
Dichlorobis(23U-pentanedionato)titanium(lV) and 
Dibromobis (2, l|-pentanedionato) titanium (IV)
TABLE II. Coalescence Temperatures and Kinetic Parameters 
for Dihalobis(2 3 U-pentanedionato)titanium(IV) Complexes
Complex T 3 C° k , sec ^ E^ , , kcal/mole
C 6XCu EtCO
Tip (C 0 o) -63° 1.6 x 10k 11.6 ± 0.5
TiCl2(C5HT02)2 -26° 6.7 x 102 11.2 ± 0.6
TiBr2(C5H702)2 -3^° 2.3 x 103 11.6 ± 0.1+
ih
a single line at room temperature to a pair of*, equally intense lines
at lew temperatures. Coalescence temperatures were approximately the
same as those reported for the analogous 2,4-pentanedionates. Again
the evidence is. consistent with the existence of* only the cis isomer in
significant amounts in dichloromethane solution.
In the ease of TiX^L^ , where L is an unsymmetrical j3-d.iketonate
ligand, five structural possibilities exist. These are shown in
Figure IV. Of these five possible isomers, only the trans, trans, trans
isomer (the first designation refers to the X groups, the second to the
R^ groups, and the third to the B^ groups) has a dipole moment of zero;
consequently, dipole moment data is not likely to be of significant
value in the determination of the stereochemistry of these complexes.
19Proton and F NMR spectroscopy, however, is potentially quite useful
for this prupose. If we consider the dihalobis(1-phenyl—1,3—butane—
dionato)titanium(XV) series (halo = fluoro, chloro, bromo), we can
make the following predictions concerning the HMR spectra:
The cis, cis, cis isomer (R = phenyl, R^ = methyl) possesses
no symmetry elements other than the identity element; therefore the
methyl groups are nonequivalent, as are the halide ligands. Two
resonance peaks are expected in the methyl region of the RMR spectrum
19for this isomer. In the F spectrum of the difluoro compound, two 
doublets comprising an AB pattern are expected; this pattern results from 
the splitting of the resonance for each of the fluorines by the nucleus 
of the other fluorine. In each of the other possible isomers the 
symmetry is such that both the halogens and the methyl groups exist 
in equivalent pairs; consequently, the methyl proton spectrum for
15
Figure IV. Possible Stereoisomers and Symmetries for Dihalobis- 
(p-diketonato)titanium(lV) Complexes Containing Unsymmetric (S-Diketonate Ligands
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any of these isomers of the compounds of this type should show only
19
one resonance peak and the F spectrum for any of these isomers of 
difluorohis(l-phenyl-1,3-butanedionato)titanium(lV) should again show 
only one peak.
The ^ F  NMR spectrum of difluorobis(l-phenyl-1,3-butanedionato)-
12titanium(lV) as recorded by Serpone and Fay is shown in Figure V.
One peak is observed at 3^°; this peak splits as the temperature is 
lowered, and at -85° six sharp peaks are visible. The authors offer 
the following explanation for this spectral pattern:
Lines 1, 2, and 6 comprise an AB pattern due to the 
two nonequivalent fluorine atoms of the cis,cis ,cis isomer.
Lines 1 and 2 and lines 5 and 6 are equally spaced, and 
these lines exhibit the expected relative intensities...
Lines 3 and 4 must arise from two of the other isomers.
Since the cis,cis,cis isomer is definitely present and 
since the corresponding TiCacac^X^ complexes exist 
exclusively in the cis configuration in dichloromethane 
solution, it is most reasonable to assign lines 3 and 
to the other two isomers which have halogen atoms in cis 
positions, i.e., cis,cis,trans and cis,trans,cis.
The relative heights of these peaks seem to indicate that the complex 
exists, at -70°, in an approximately statistical mixture of ^0% of the 
cis,cis,cis isomer and 25% each of the cis,cis,trans and cis,trans,cis 
isomers.
The methyl proton spectra for dihalobis(l-phenyl-1,3-butane- 
dionato)titanium(lV) complexes provide further evidence that these compounds
bFigure V
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19Variable-temperature ' F NMR Spectra,. of Difluorobis- 
(1-phenyl-1,3-butanedionato)titanium(lV)
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exist as a statistical mixture of the three cis-dihalo isomers. The 
methyl spectrum for the difluoro compound (shown in Figure VI) consists 
of one peak at 37°; this peak broadens as the temperature is lowered, 
and splits around -6k° into four lines. Two of these lines can he 
assigned to the cis ,cis ,cis isomer; the other two lines result from 
two other isomers, most reasonably the other two cis-dihalo isomers. 
Low-temperature NMR spectra for the dichloro and dibromo complexes show 
only three peaks for the methyl resonance, the high-field peak having 
approximately twice the magnitude of each of the low-field peaks. The 
methyl NMR spectrum for the dichloro complex is shown in Figure VII. 
These spectra are also consistent with, the distribution of isomers 
described above because, in the words of the authors,
If the highest field resonance is due to a superposition 
of two lines having nearly the same chemical shift, then 
the spectra consist of four methyl resonances of approxi­
mately equal intensity.
The assignment of peaks then is analogous to the assignment of methyl 
peaks in the spectrum of the difluoro complex.
The only dihalobis(8-diketonato)titanium(IV) complex reported 
to date which does not show exclusively the cis configuration in 
solution is diiodobis(2,*i-pentanedionato)titanium(IV). This unstable 
complex, reported initially in 1970 by Fay and Lowry~^, has several
anomalous properties. Its conductivity in dichloromethane solution
2 —1 —1 —3 (see Table I) is 16.9 cm ohm mole for a 1.0 x 10 M solution,
indicates partial dissociation (by comparison, the nonelectrolyte
19
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Figure VI. Variable-temperature Methyl Proton NMR Spectr»a of 
Difluorobis(1-phenyl-1,3-butanedionato)titanium(IV)
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Figure VII. Variable-temperature Methyl Proton NMR Spectra of 
Dichlorobis(1-phenyl-15 3-butanedionato)titanium(lV)
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dichlorobis (2 ,4-pentanedionato)titanium(IV) has a molar conductivity 
2 —1 —1of 0.0i+7 cm ohm mole and the 1:1 electrolyte tris(2,4-pentanedionato)-
2 _i _2.
silicon(lV) bromide gives a value of 57 cm ohm mole in the same 
solvent at comparable concentrations, all measurements at room tempera­
ture). Also, the compound has an ESR spectrum at room temperature, 
indicating the presence in dichloromethane solution of species contain­
ing unpaired electrons. Since the atomic emission spectrum for this 
compound shows the presence of no other transition metals in greater 
than trace amounts, a titanium species containing unpaired electrons, 
presumably a titanium(ill) species, is present.
The NMR spectrum for diiodobis(2,4-pentanedionato)titanium(lV) 
is shown in Figure VIII. No spectrum is observed at room temperature 
for the complex, due perhaps to a rapid exchange of the 2,4-pentane- 
dionate ligands between trivalent and tetravalent titanium environments; 
only the titanium complex is involved in this exchange since the 
dichloromethane and tetramethylsilane proton resonances are unaffected.
A likely exchange process might be
T i ( a c a c ^ ~  Ti(acac)2I + 1,
the dissociation of an iodine atom from the diiodo complex to give 
iodobis(2,4—pentanedionato)titanium(lll). This mechanism is attractive 
since it does not involve the cleavage of any titanium-3-diketonate 
oxygen bonds. This exchange process apparently slows with cooling, 
allowing the NMR spectrum to be observed below 0°. The authors give 
the following account of the observed NMR spectrum^:
Figure VIII. Variable-temperature Methyl Proton NMR Spectra 
of Diiodobis(2,4-pentanedionato)titanium(IV)
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Between -32° and -50° one observes two methyl resonances 
having relative intensities 10:90. The more intense, 
high-field line is assigned to TiCacac)^^* The low- 
fi eld line has the same chemical shift as Ti(acac)^+5 and 
therefore it is assigned to the cationic species result­
ing from electrolytic dissociation of Ti(acac)2I2 ,
-J-
presumably Ti(acac)2I . The relative concentrations of 
Ti(acac)2I+ and Ti(acac)2I2 obtained from the NMR spectra 
are in excellent agreement with the figure of 8-9% 
dissociation derived from the conductance measurements, 
thus confirming the assignment of the methyl resonances.
Below -52° the T ^ a c a c ^ ^  methyl resonance broadens 
and then splits at ca. -64° into two lines having 
relative intensities 35:65. The less intense, low—field 
line coincides with the Ti(acac)2I+ resonance. At still 
lower temperatures, the more intense, high-field line is 
partially resolved into two lines, which are separated 
by 0.023 ppm.
The authors assign the low-fieId diiodobis(2,4-pentanedionato)- 
titanium(lV) methyl resonance and one of the peaks of the high-field 
doublet to the cis isomer, attributing the other high-field resonance 
to the trans isomer. Based on this assignment for the NMR resonances, 
and on the conductivity and ESR data obtained (some of which is reported 
above), the authors postulate that this complex exists in dichloromethane
solution as approximately 50% cis, b0% trans , 10% dissociation product 
(probably iodobis(2,^-pentanedionato)titanium(lV) iodide), and 0.13% 
of some titanium(III) species.
2. Potentially Five-Coordinate TiX^L Complexes
■7
Puri, Pande, and Mehrotra in 19&2 reported the synthesis of 
a complex with empirical formula TiCl^ (Cj-H^O^), C^H^O^ = the 2,i|-pentane 
dionate ligand, from the reaction of titanium(lV) chloride and 2,U-pen- 
tanedione in a 1:1 molar ratio in benzene. They report no characteriza­
tion data for the complex except a dark red color and the percentages 
of titanium, chlorine, and 2,l+-pentanedionate; the reported percentages 
are all quite consistent with the above empirical formula.
Thompson, Somers, and Workman11 prepared and characterized 
trihalo(3-methyl-2,^-pentanedionato)titanium(lV) complexes, halo = 
chloro and bromo; conductivity measurements show these complexes to be 
non-ionic in nitrobenzene solution. Cryoscopically determined molecular 
weights indicate that both these complexes are monomeric in nitrobenzene 
molecular weight studies at various concentrations in benzene, however, 
show that the observed molecular weight of the tribromo complex in 
benzene is somewhat dependent on concentration. The trichloro complex 
was not sufficiently soluble in benzene to permit similar cryoscopic 
molecular weight studies for different concentrations of complex.
The NMR spectrum of trichloro(3-methyl-2,^-pentanedionato)- 
titanium(lV) showed only two methyl peaks, in a 2:1 ratio, for the 
complex in dichloromethane solution; these peaks can be assigned to 
the terminal and ring methyl groups, respectively. The spectrum
shoved no temperature dependence over a wide range. The spectrum for 
the tribromo complex in dichloromethane, on the other hand, was rather 
complex; temperature-dependent splittings, which cannot at present be 
accounted for, were observed. On the basis of this evidence, the 
authors postulate that this latter complex exists in dichloromethane 
solution as an equilibrium mixture of two or more species.
Thompson, Rosser, and Barrett1  ^have studied trichloro(1- 
phenyl-l,3-butanedionato)titanium(lV) in some detail. Conductivities 
and cryoscopically determined molecular weights in nitrobenzene are 
consistent with a monomeric, five-coordinate structure. The methyl 
NMR spectrum for this compound, however, points to the existence of two 
distinct species in nitrobenzene solution at 3^°. Only one methyl 
resonance is expected for pure, pentacoordinate trichloro(1-phenyl-
1.3-butanedionato)titanium(lV); however, two peaks (Figure IX A), having
chemical shifts as shown with respect to tetramethylsilane, are observed
in the methyl region of the spectrum. On the basis of the following 
~| ^
evidence , the authors assign the high-field peak to trichloro(l-pheny1-
1.3-butanedionato)titanium(IV) and the low—field peak to dichlorobis- 
(l-phenyl-l,3-butanedionato)titanium(lV) produced by the equilibrium 
reaction
2 TiCl3(C10H902)^±TiCl2(C10H902)2 + TiCl^
in nitrobenzene solution:
(l) The observed chemical shift for the methyl resonance of 
dichlorobis(l-phenyl-1,3-butanedionato)titanium(lV) in nitrobenzene
•2*$6 ppm
«*2.$2 ppm
p m
ppm
Figure IX. Methyl Proton NMR Spectra of Trichloro- 
(1-phenyl-1,3-butanedionato)titanium(lV)
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solution at 3^°, -2.36 ppm, corresponds closely with the chemical 
shift (-2.37 ppm) of the low-field peak in the spectrum of the trichloro 
compound.
(2) A mixture of the dichloro and trichloro compounds in 
nitrobenzene at 3^° shows the same peaks that are observed for the 
trichloro compound, but with different intensities (Figure IX B).
(3) A mixture of the dichloro complex and titanium(IV) 
chloride in nitrobenzene gives the methyl spectrum in Figure IX C, 
consisting of one peak with approximately the same chemical shift
(-2.56 ppm) as the high-field peak for the trichloro complex (-2,51 ppm).
(k) A mixture of the trichloro complex and titanium(lV) 
chloride in nitrobenzene shows one peak, at -2.52 ppm, in the methyl 
spectrum; this peak corresponds closely to the high-field peak in the 
spectrum of the trichloro compound.
(5) At elevated temperatures, the two peaks observed in the 
spectrum of the trichloro compound coalesce into a single peak, indicat­
ing the presence of an equilibrium whose exchange rate increases with 
increasing temperature.
17Serpone, Bird, Bickley, and Thompson have undertaken single­
crystal X-ray studies on trichloro(2,^-pentanedionato)titanium(lV).
These studies have shown that this compound exists, in the solid state,
as a dimeric species [TiCl0 (0,-ILCn ) _, with two chlorines acting as0 5 ( 2 2 2
bridging ligands and the titanium atoms each having a coordination 
number of six. (See Figure X.) The far-infrared spectrum of this com­
pound has also been studied by these workers; they report two bands, at
28
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276 and 2k6 cm •which can reasonably he assigned ho stretching modes
17of the bridging Ti-Cl—Ti bonds
In summary, much work remains to be done in the characteriza­
tion of trihalo (g-diketonato )titanium(XV) complexes . Evidence pre- 
viously cited, plus the isolation by Thompson, Bosser, and Barrett 
of the pyridine adduct of trichloro (l-phenyl-1, 3-butanedionato )— 
titanium (XV) from the. reaction of the apparent five—coordinate complex 
with pyridine in a 1:1 molar ratio, points to the existence of this 
complex in a monomeric state, at least in solution; trichloro(2 pen— 
tanedionato)titanium(XV), on the other hand, has been shown conclusively 
to be a dimer in the solid state. Further single—crystal solid-state 
X-ray studies, and further study of solutions of these compounds in 
various solvents to determine whether molecules of solvent (in particular, 
the highly polar solvents such as nitrobenzene) may possibly be weakly 
coordinated at the sixth coordination site causing the compounds to be 
monomeric but six-coordinate in solution, are in order before any broad 
generalizations can be made about the actual structures of these 
complexes.
Bata for the reported hrihalo (g-diketonato )titanium(XV) 
complexes are given in Table III.
3. Other Mixed Halide-g-Biketonate Ligand Complexes of 
Titanium (IV)
Bo potentially seven-coordinate kalotrls( g-diketonato)— 
titanium(IV) complexes have been reported as of this time. Puri, Pande, 
and Mehrotra report that the reaction at reflux of titanium (IV)
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chloride with an excess of 2,4-pentanedione in benzene yields only the 
disubstituted product after 2.5 hours.
Complexes of the type (TiL^)A and (TiL^^A*, in which L is
a 3-diketonate ligand and A and A f are large monovalent and divalent
- 2-  2 11 anions such as FeCl^ and P^Cl^ respectively, have been prepared s ;
the former, however, have been shown by conductivity measurements to
be 1:1 electrolytes, and it is to be expected that the only complex of
the latter type reported in either of these two articles, the
bis[tris(2,4-pentanedionato)titanium(lV)] hexachloroplatinate(lV)
2species reported by Cox and Nyholm , is in a similar manner a 2:1 
electrolyte. Insolubility precluded conductivity measurements on this 
latter complex.
C. Mixed Alkoxide-g-Diketonate Ligand Complexes of Titanium(lV)
1. Ti(0R)2L2 Complexes
18Yamamoto and Kambara synthesized a series of dialkoxybis-
(2,U-pentanedionato)titanium(XV) compounds, alkoxy = ethoxy, 1-propoxy,
and 1-butoxy, via the reaction of the appropriate titanium(lV) alkoxide
and 2,1+-pentanedione in a 1:2 molar ratio in the absence of solvent.
Cryoscopic molecular weight studies indicate these compounds to be
monomeric in benzene; infrared spectra indicate that all the oxygens
of 2,l+-pentanedionate ligands are coordinated to the titanium center.
7
Mehrotra and coworkers report the reactions of various 
titanium(lV) alkoxides, including highly hindered species such as 
tetrakis(l,1-dimethylpropoxy)titanium(IV) and tetrakis(l-methylheptoxy)- 
titanium(lV), with 2,U-pentanedione in benzene solution to give the
32
dialkoxybis(2,U-pentanedionato)titanium(IV) product in each case; they 
8also report that these complexes can he synthesized via the reaction 
in benzene solution, in the presence of a Levis base such as ammonia, 
of dichlorobis(2,^-pentanedionato)titanium(lV) with an excess of the 
appropriate alcohol. The ammonia removes hydrogen chloride evolved in 
the displacement at the titanium center as ammonium chloride, leaving 
the dialkoxy product in solution. In the presence of excess dry hydrogen 
chloride and the absence of any Levis base the reverse reaction is 
observed to occur; dialkoxybis(2,^-pentanedionato)titanium(IV) complexes 
react vith the excess hydrogen chloride to yield dichlorobis(2 ,^-pentane- 
dionato)titanium(IV) and the appropriate alcohol.
Like the dihalobis(3-diketonato)titanium(TV) complexes dis­
cussed previously, these complexes have the possibility of existing in 
either the cis or the trans form (see Figure II); again, NMR spectroscopy 
provides a useful means of determining their stereochemistry. Tvo 
resonances are expected for the nonequivalent sets of 2,U-pentane- 
dionate methyl groups in the cis isomer; in the trans isomer, all 
2,^-pentanedionate methyl groups are equivalent, and only one resonance
should be observed for these methyl groups.
19Bradley and Holloway have studied the NMR spectra of 
several complexes of this type; these authors report that all the com­
plexes studied appear to exist in the cis configuration. The 2,U-pen- 
tanedionate methyl region of the NMR spectrum of each of the complexes 
shows tvo peaks of equal magnitude; these peaks are observed to converge 
into a single resonance at higher temperatures. The authors note that 
the coalescence temperature for the methyl resonances for a
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dialkoxybis(2,U-pentanedionato)titanium(IV) complex appears to be a 
function of the size of the alkoxy group, the complexes containing 
the more bulky alkoxy groups having higher coalescence temperatures.
Based on this evidence, and on the spectrum of di(3,3,3-trifluoroethoxy)- 
bis(2,i|-pentanedionato)titanium(lV), which shows a coalescence tempera­
ture for the chelate methyl doublet somewhat lower than those observed 
for the other dialkoxybis (2,14-pentanedionato) titanium (IV) compounds 
tested, the authors conclude that "...it seems that electron-withdraw­
ing groups promote lability whereas bulky groups oppose it." Table XV 
lists coalescence temperatures for the reported dialkoxybis(3-diketonato )- 
titanium(lV) complexes.
Several types of mechanisms for methyl group exchange are 
theoretically possible for these compounds. Some of the more significant 
possibilities include: (a) complete dissociation of one of the alkoxy 
ligands and rearrangement of the subsequent five-coordinate cation be­
fore recombination of the alkoxy ligand; (b) a similar complete disso­
ciation of one of the 3-diketonate ligands and rearrangement of the 
four-coordinate anion; (c) rupture of one $-diketonate titanium-oxygen 
bond to give a five-coordinate complex followed by rearrangement and 
recombination; and (d) one of several intramolecular nondissociative
twisting mechanisms. Mechanisms (a) and (b) have been shown by Bradley 
20and Holloway to be highly unlikely; these workers have observed that 
the NMR spectrum of a dialkoxybis(2,^-pentanedionato)titanium(IV) 
compound in solution is unaffected by the addition of either the 
parent alcohol or of 2 ,^4-pentanedione; the added compound gives peaks 
separate from those of its bound anion, and no broadening of the peaks
TABLE IV. Coalescence Temperatures for Reported 
Dialkoxybis(2,4-pentanedionato)titanium(IV) Compounds
(No compounds of this type with other 3-diketonate
Methoxy 13.0 19
Ethoxy 2.2.0 19
3,3,3-Trifluoroethoxy -22.0 19
Isopropoxy 32.0 19
n-Butoxy 21.0 19
t-Butoxy 53.0 19
Phenoxy 10 21
4-Methylphenoxy 1^ 21
^-Acetylphenoxy 1 21
4-Methoxycarbonylphenoxy -5 21
4-Chlorophenoxy 12 21
^-Nitrophenoxy -12 21
2-Methylphenoxy 18 21
2-Isopropylphenoxy 35 21
2-Iodophenoxy 5 21
2-Chlorophenoxy -12 21
2,6-Dichlorophenoxy -58 21
2,k,6-Trichlorophenoxy -65u 21
Pentafluorophenoxy -80u 21
u = upper limit.
Only those complexes for which coalescence temperatures are given 
have been listed.
due to the chelated anion is observed. These results indicate that
the rates of exchange of the alkoxy and the 2,^-pentanedionate ligands
are considerably slower than the rate of methy1-group exchange. On
the basis of the evidence presented in references 19 and 20, mechanism
(c) also appears to be unlikely; if this mechanism-were operative, it
would be expected that lability should increase with increasing bulk of
the alkoxy groups because of the decrease in steric strain in the five-
coordinate intermediate. It has been noted, however, that lability of
19these complexes apparently decreases , and the activation energy for
20exchange has been observed to increase , with increasing bulk of the
alkoxy ligands; on the basis of this evidence, a mechanism involving
dissociation and recombination of one 3-diketonate titanium-oxygen bond
appears unlikely. It thus appears that one of several possible nondis-
sociative twist mechanisms, perhaps involving rotation along one or more
pseudo-CU axes and involving one or more p'seudo-trigonal bipyramidal
intermediates, or a mechanism similar to a nondissociative twist, is
21responsible for methyl group exchange. Harrod and Taylor , citing
large negative entropies of activation for exchange in dialkoxy and
diphenoxy complexes, question the feasibility of nondissociative twist
mechanisms and propose still another type of mechanism:
1
Such AST values indicate a large difference in polarity 
between the ground state and the transition state, a 
condition that cannot result from converting a pseudo­
octahedron into a pseudo-trigonal prism....
In our opinion, the only type of mechanism that 
fits the large body of data available would be one in­
volving a transition state, or reactive intermediate
resembling a tightly-bound ion-pair. Molecular re­
arrangement would occur via migration of the anion 
across the surface of the cationic complex, followed 
by collapse of the ion-pair to a neutral six co- 
ordiante species.
In conclusion, there is still at this time considerable difference 
of opinion as to the mechanism of methyl-group exchange in complexes 
of this type. More evidence remains to be gathered before any one 
mechanism can be conclusively proved to be the actual exchange 
mechanism.
2. Ti^fO^b Complexes
In addition to the dialkoxybis(2,^-pentanedionato)titanium(IV)
l8compounds previously discussed, Yamamoto and Kambara in 1957 reported 
the isolation of three trialkoxy(2,U-pe.ntanedionato)titanium(lV) com­
plexes, alkoxy = ethoxy, 1-propoxy, and 1-butoxy, from the reaction 
without solvent of the appropriate titanium(lV) alkoxide and 2,V-pen- 
tanedione. The infrared spectrum of the tributoxy compound shows 
absorption bands at 1376, 15773 and 1523 cm the two former bands 
being of almost equal intensity. These bands, which are typical of the 
chelated 2,i+-pentanedionate anion, coupled with the absence of bands 
between 1700 and 1750 cm 1 , the carbonyl region of the spectrum, in­
dicate that the complex contains the chelated 8-diketonate and is not
22a simple adduct of 2,U-pentanedione as had been previously reported 
Cryoscopic molecular weight studies in benzene seem to indicate that
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these compounds are monomeric'at lower concentrations but tend to
associate at higher concentrations into dimeric or polymeric species.
7
Puri, Pande, and Mehrotra synthesized the trimethoxy and 
tri(l-methylpropoxy) complexes by reacting the appropriate titanium(lV) 
alkoxide and 2,^-pentanedione in a 1:1 molar ratio in benzene. Ebulli- 
ometric molecular weight studies showed the former complex apparently 
to be associated to a large degree in the concentration and the solvent 
used; the latter complex exhibited nearly monomeric behavior. Table V 
lists molecular weight values for the reported trialkoxy(2,4-pentane- 
dionato )titanium(lV ) complexes ; as is true with the dialkoxy complexes, 
no compounds of this type containing any ft-diketonate ligand other than
the 2,ij—pentanedionato species have been reported as of this time.
23Holloway and Sentek , noting the tendency of complexes of 
this type containing highly-branched alkoxy groups to appear monomeric, 
have made a detailed study of two such complexes, namely the 2-propoxy 
and _t-butoxy complexes. They have found that the HMR and IR spectra 
of these compounds bear very close resemblance to the corresponding 
spectra that would be expected for an equimolar mixture of the dialkoxy- 
bis(2,4-pentanedionato) compound and the titanium(IV) alkoxide; peaks 
observed in the spectra of each of these latter two compounds are 
observed, with few if any other peaks. Based on these results, and 
the results of in. vacuo fractional distillation studies of these com­
pounds which yielded the titanium(lV) alkoxide and the dialkoxybis- 
(2 ,U-pentanedionato) product without any residue (the boiling point of 
the first fraction being lower than the temperature at which the
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reactants were refluxed during synthesis, rendering highly unlikely 
the possibility of ligand rearrangement during fractionation), these 
authors postulate that at least the compounds having highly-branched 
alkoxy groups exist in solution as equimolar mixtures of the two com­
pounds recovered in the fractionation. These mixtures are pictured as 
participating in an equilibrium such as that shown in Figure XI; bulky 
alkoxide groups tend to push the equilibrium position to the left, 
while with less bulky groups the dimeric structure at the right of the 
equilibrium containing two bridging alkoxy groups, is favored. There 
is still considerable room for research in this area, however, particu­
larly in the light of the one reported single-crystal X-ray study of a tri-
17halo(3-diketonato)titanium(IV) compound ; the trichloro (2,l+-pentane- 
dionato) complex, as previously mentioned, has been shown to exist in 
the solid state as a dimer, containing two bridging chlorines, in which 
each titanium atom has in its coordination sphere two terminal chlorines 
and one 2,^-pentanedionate ligand in addition to the two bridging 
chlorines.
g
Puri, Pande, and Mehrotra report the synthesis of compounds 
of empirical formula TiCl^C^H^O^^yROH, R = ethyl and 1-propyl, via 
the reaction at reflux of dichlorobis(2,^~pentanedionato)tItanium(IV) 
in an excess of the appropriate alcohol with no Lewis base present.
The identification of these crystalline complexes was made on the 
basis of weight percentages of titanium and chlorine.
In the same article, these workers also report that the 
reaction at reflux of trichloro(2 ,*+-pentanedionato)titanium(lV) with 
an excess of ethanol in the absence of any Lewis base yielded a
(2 3)
Figure XI. Equilibrium Proposed by Holloway and Sentek 
In Explanation of Behavior of Trialkoxy(2 ,l±-pentanedionato)-
titanium(IV) Complexes
viscous red-orange liquid whose titanium and chlorine analyses indicate 
it to be the ethanol adduct of dichloro(ethoxy)bis(2 ,^ -pentanedionato)- 
titanium(lV). This compound, however, was not characterized beyond 
these elemental analyses.
23Holloway and Sentek have made further studies of this 
liquid; they report that it
...is almost certainly a mixture of two known compounds, 
TiCl^acac)^ and TiCl^COEt ^ (EtOH)^, since on pumping 
in vacuo for several days ethanol is lost and a yellow 
solid formed. This recrystallizes from benzene-petroleum 
ether to give two crops of crystals, the first being 
orange-red TiCl^acac)^ and the second white needles of 
TiCl (OEt^, both compounds being readily identifiable 
by analysis and spectroscopy.
As is the case with the corresponding mixed halide-3- 
diketonate complexes, no alkoxytris(|3-diketonato)titanium(lV) com­
pounds have been reported at this time. Reactions in excesses of 
2,^-pentanedione apparently yield only the dialkoxybis (2,4-pentane- 
dionato) product.
D. Cyclopentadienyl-g-Diketonate Complexes of Titanium(lV)
2kDoyle and Tobias report the first preparation of complexes
of titanium(lV) containing the cycl'opentadienyl anion, (C^H^) , and
a 3-d.iketonate ligand. The reported complexes have been shown, on
2 -1 -1the basis of molar conductivities of around 30 cm ohm mole , to 
be 1:1 electrolytes apparently consisting of a (3-diketonato)bis-
(cyclopentadienyl) titanium (I.V) cation, 3-<iiketonato = 2 ,U-pentanedionato,
1-phenyl-l,3-butanedionato, 1 ,3-diphenyl-l,3-propanedionato, and
2,2,6,6-tetramethyl-3,5-heptanedionato, and a large monovalent anion
such as C10^~, BF^” , AsF^ "", F^CSO^”, etc.
25Sen and Kantak report the synthesis of chloro(cyclopenta­
dienyl )bis(l,3-diphenyl-l,3-propanedionato)titanium(lV) via the reaction 
at reflux "for about 380 hr, till HOI evolution ceased" of dichlorobis- 
(cyclopentadienyl)titanium(IV) and the parent $-cliketone in benzene.
No characterization data beyond elemental analyses and the IR spectrum 
is reported for this compound.
Frazer and Newton‘S  were unable to duplicate these results 
in acetonitrile solution at 20° using 2 ,4-pentanedione, even though 
the reaction mixture was allowed to stir for 7 days. These workers, 
however, were successful in isolating two chloro(cyclopentadienyl)bis- 
(B-diketonato)titanium(IV) complexes, 3-diketonato = 2,^4-pentanedionato 
and 1-phenyl-l,3-butanedionato, by reacting dichlorobis(cyclopenta­
dienyl )titanium(IV) with the parent 3-diketone and the Lewis base
triethylamine in a 1 :2:1 molar ratio in acetonitrile at room tempera-
2 —1ture. Molar conductivities in nitrobenzene, 0.168 and 0.238 cm ohm
—1 —3mole for a 1.^6 x 10 M solution of the 2 ,^1-pentanedionato complex
-kand a 7*0 x 3.0 M solution of the 1-phenyl-l,3-butanedionato complex 
respectively, indicate the compounds to be non-ionic in this solvent.
Because of their potentially asymmetrical nature, these com­
plexes are potentially of great use in stereochemical studies.
Complexes of this general type (TIXYL2 ) in which L is a symmetrical
3-diketonate ligand can exist as the cis or the trans isomer; the former 
belongs to the point group, indicating that all the 3-diketonate 
end groups and all the ring groups are non-equivalent and should show-
separate signals in the NMR spectrum. The symmetry of the trans isomer
is such (Cgv) that all 3-diketonate end groups and all ring groups are 
equivalent; consequently only one signal should be observed in the NMR 
for the end groups and only one for the ring groups.
Complexes of this type containing an unsymmetric 3-diketonate
ligand have six isomeric possibilities, four cis and two trans. Figure 
XII shows the possible isomers for chloro(cyclopentadienyl)bis(3-dike- 
tonato)titanium(IV) complexes in which the 3-diketonate is (a) symmetric, 
(b) unsymmetric. Each of the cis isomers has C^ symmetry; consequently, 
the NMR spectrum of one of these cis isomers should show two reso­
nances, two R^ resonances, and two ring R ’ resonances. Each of the 
trans isomers, on the other hand, should show only one R-^ s one R^, and 
one ring R 1 resonance.
The NMR spectra of the ring proton resonances (designated 
by y) and the methyl group resonances observed for the two reported 
chloro(cyclopentadienyl)bis(3-diketonato)titanium(IV) complexes are 
shown in Figure XIII. At 40°, the ring proton resonances for both 
compounds are singlets and the methyl resonances distorted singlets; 
broadening and eventual splitting is observed to occur as the tempera­
ture is lowered. At low temperatures, the ring proton resonance for 
the 2 ,l*-pentanedionato compound is a doublet and the methyl resonance 
a quartet, providing strong evidence that this compound is cis, or 
that the cis isomer is present, at least at low temperatures. In
C p  —
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Figure XII. Possible Stereoisomers and Symmetries for Chloro(cyclo­
pentadienyl )bis(|3-diketonato)titanium(IV) Complexes Containing (A) a 
Symmetric p-Diketonate Ligand and (B) an Unsymmetric 0-ULketonate Ligand
to
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Figure XIII. Variable-temperature Methyl and Ring Proton NMR 
Spectra of Chloro(cyclopentadienyl)bis(2jU-pentanedionato)- 
titanium(lV) and Chloro(cyclopentadienyl)bis(1-phenyl-1,3-butane­
dionato (titanium(IV)
the case of the 1-phenyl-l,3-butanedionato.compound, the ring proton 
resonance is seen to be a distorted triplet and the methyl (R^) reso­
nance to be a distorted sextet at low temperatures, indicating the 
existence of at least three and possibly more isomers. On the basis 
of this evidence, and of the lack of splitting of the cyclopentadienyl 
resonance for this compound (the cyclopentadienyl groups in all the cis 
isomers are magnetically equivalent to each other, but are not equiva­
lent to the cyclopentadienyl groups in the trans isomers; consequently, 
splitting in the cyclopentadienyl resonance might indicate a cis-trans 
equilibrium; see below), the most reasonable explanation for this 
spectral data is that the 1-phenyl-l,3-butanedionato compound exists 
as a mixture of some, and possibly all, of the possible cis isomers.
For the 2 ,^-pentanedionato compound it has been observed that, 
in addition to the splitting of the methyl and ring proton resonances, 
the cyclopentadienyl signal is also split at low temperatures. Two 
explanations are possible for this phenomenon: (a) the cyclopenta­
dienyl group is a-bonded but rapid rotation at high temperatures pre­
vents the observation of- the different proton environments at these 
temperatures; or (b) the cyclopentadienyl group is 7r-bonded, and this 
complex exists in a cis-trans equilibrium. The infrared spectrum of 
this compound shows bands at cja.3100 cm ^ and ca. 1020 cm ^ "which are 
consistent only with a TT-bonded cyclopentadienyl group"; thus it 
appears that the splitting of the cyclopentadienyl resonance for this 
compound points to its existence in a cis-trans equilibrium.
E. Summary
Extensive investigation has been made of compounds of 
titanium(lV) with 3-diketonate ligands, particularly of compounds of 
formula TiX^L^. Less work has been done with compounds of formula 
TiX^L, though interest in these compounds has recently been on the 
increase; and very little has been reported concerning TiXYL2 compounds. 
Much research remains to be done in this area; among the major unsolved 
problems under investigation at this time are the methyl exchange 
mechanism(s) operative in TiX^L^ complexes, structure and coordination 
number in solution and in the solid state of many TiX^L compounds, and 
synthetic and characterization studies of compounds of the type TiXYL^.
In this thesis are reported the results of synthetic work 
and characterization studies done on three TiXYL^ complexes, including 
UMR stereochemical studies. The complexes under investigation are 
chloro (alkoxy)bis (2,if-pentanedionato)titanium(IV) compounds in which 
alkoxy = 1-propoxy, 2-propoxy, and 2-propen-l-oxy.
Ill. EXPERIMENTAL
A. Reagents
Titanium (IV) chloride was purchased from Fisher Scientific 
Company and was used vithout further purification. 2,1*—Pentanedione 
was purchased from Eastman Organic Chemicals and was redistilled "before 
use. 3-Methyl-2, l*-pentanedione was prepared by the method herein des­
cribed. 2-Propen-l-ol and 2-propanol were purchased from Fisher, and
1-propanol was purchased from J. T. Baker Chemical Company; all 
alcohols were redistilled and stored over Linde type 3A molecular 
sieves before use. Pyridine was purchased from Fisher; it was redis­
tilled and stored over Linde type UA molecular sieves before use.
B. Solvents
All solvents were obtained from commercial sources. Before 
use, they were dried by refluxing over and then redistilling from either 
phosphorus pentoxide or calcium hydride. They were then stored over 
Linde type 1*A molecular sieves. The storage flasks for solvents 
were fitted generally with a rubber septum for removal of solvent 
under anhydrous conditions. The solvents were transferred under nitro­
gen to the reaction flasks using a syringe.
The nitrobenzene was purified by a modification of the 
9 'smethod of Fay and Lowry . The solvent was washed three times with
1*8
200 ml of sulfuric acid, once with water, with 1M sodium hydroxide
until the washings were no longer colored, and then again with water.
Calcium chloride was then added to the nitrobenzene and the mixture
allowed to stand before distillation. After the calcium chloride was
filtered off, the nitrobenzene was distilled from phosphorus pentoxide
under reduced pressure and stored over Linde type kA molecular 
27 ^sieves.
C. Preparations
1. Reaction of Trichloro(2,^ —pentanedionato)titanium(lV). 
with 1-Propanol and Pyridine in a 1:1:1 Molar Ratio
a. Preparation of Trichloro(2,U-pentanedionato)- 
titanium(IV)
Titanium(TV) chloride (3.0 ml, 0.028 mole) was dissolved in 
30 ml of dichloromethane in a 100-ml 3-necked round bottom flask con­
taining a magnetic stirring bar and equipped with nitrogen inlet and
dropping funnel, resting in an ice bath. The apparatus is illustrated
28in Figure XIV. 2 ,U-Pentanedione (2.9 ml, 0.028 mole) in 15 ml of di­
chlorome thane was added dropwise with stirring. After the 2 ,ij—pentane- 
dione had been added, the dropping funnel was replaced with a reflux 
condenser, the nitrogen inlet was transferred to the top of the con­
denser, and the reaction mixture was refluxed for 3 hours to decompose 
the initially-formed adduct by driving off hydrogen chloride. The dark 
trichloro (2 pentanedionato )titanium(IV) was filtered, washed with two 
15-ml portions of hexane, and dried in vacuo. For diagrams of the
50
apparatus during filtration and of the filter funnel see Figures XV,
28XVI, and XVII.
b. Preparation of Chloro(l-propoxy)~bis(2,^-pentane- 
dionato)titanium(lV)
—2Trichloro(2,4-pentanedionato)titanium(IV) (5*92 g, 2.35 x 10 
mole) "was transferred in a nitrogen/hydrogen-filled dry box to a 100~ml 
3-necked round bottom flask containing a magnetic stirrer and equipped 
with a nitrogen inlet. The flask was then placed in an ice bath;
_ 2>
30 ml of dichloromethane were added. 1-Propanol (1.8 ml, 2.h x 10
—2mole) and pyridine (1.9 ml, 2.U x 10 mole) were dissolved in 10 ml 
of dichloromethane; this solution was added dropwise with stirring to 
the dichloromethane suspension of trichloro(2,U-pentanedionato)- 
titanium(lV). Upon addition of alcohol and pyridine an orange solid 
formed; this solid (Product I) was filtered, washed with two portions 
of hexane, and dried in_ vacuo.
The filtrate containing the hexane washings from Product I 
was evaporated nearly to dryness at room temperature on an aspirator 
equipped with a calcium chloride drying tube; hexane (ca. 25 ml) was 
added with stirring, and a yellow solid (Product II) was obtained, 
filtered, and dried. The product was recrystallized from a benzene- 
hexane mixture.
Product I, pyridinium pentachloro(l-propoxy)titanate(lV)
MP: 215°-250° decomposes.
Anal.: Calcd. for (C^H^W )„ (TiCl.-OCUEU): Cl = 39-88$;
  5 o 2 5 3 7
C = 35.13$; H = U.31$. Found: Cl = 38.90$, 38.83$;
51
Figure XIV. Diagram of Apparatus for the Preparation of
Titanium(lV)- -Diketonate Complexes
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Figure XV. Diagram of Apparatus Immediately Prior to Filtration
Figure XVI. Diagram of 
Apparatus After Filtration
Figure XVII. Diagram of 
Filter Funnel Used to 
Dry Compounds
5^
C = 32.20%; H = h.20%.
IR spectral data: See Figure XIX.
Product II, chloro(l-propoxy)bis(2,U-pentanedionato)titanium(lV)
MP: Melts poorly c_a. 100°
Anal. : Calcd. for TiCltOC^) ( C ^ O ^ :  Cl = 10.kl%; C = k5.Qk%;
H = 6.21$. Found: Cl = 10.80$; C = k^.6l%; H = 6.08$.
IR spectral data: See Figure XX.
2 —1 —1Molar conductivity: Aq = 0.31 cm ohm mole (conc. = 3.0
x 10 M in nitrobenzene).
2* Reaction of Trichloro(2vt-pentanedionato)titanium(IV) 
with 2-Propanol and Pyridine in a 1:1:1 Molar Ratio
Trichloro(2,t-pentanedionato)titanium (IV) prepared as pre-
—2viously described (5.92 g, 2.35 x 10 ' mole) was placed in a 100-ml 
2-necked flask containing a stirring bar and equipped with nitrogen 
inlet and dropping funnel; the flask was immersed in an ice bath.
Twenty-five ml of dichloromethane were added to the flask; pyridine
—2 —2 
(1.9 ml, 2.27 x 10 mole) and 2-propanol (1.8 ml, 2.33 x 10 mole)
in 15 ml dichloromethane were added dropwise with stirring. An orange
solid (Product I) formed; this solid was filtered, washed with two
15-ml protions of hexane, and dried ini vacuo.
The filtrate containing the hexane washings from Product I
was evaporated to dryness on an aspirator equipped with calcium
chloride drying tube; a yellow solid appeared. Twenty-five ml of
hexane were added with stirring; the suspended solid (Product II) was 
filtered, washed with hexane, and dried in vacuo.
Product I, pyridinium pentachloro(2-propoxy)titanate(IV)
MP:
Anal. : Calcd. for ( C ^ N ^ T i C l  OC3H ): Cl = 39-88$; C = 35-13$; 
H = h.31%. Found: Cl = 39-^7$, 39-29$: C = 3**.87$: H = k.20%.
IR spectral data: See Figure XXI.
Product II, chloro(2-propoxy)bls(2,t-pentanedionato)titanium(lV) 
Anal. : Calcd. for TiClfOC^) (C^H C>2 )2: Cl = 10.1*1$: C = 1*5-81*$:
H =6.21$. Found: Cl = 11.72$.
In an attempt to produce a larger quantity of product II,
•— P
trichloro (2,l*-pentanedionato)titanium(lV) (12.75 5-07 x 10 mole)
_ 2
in 1*0 ml of dichloromethane and pyridine (l*.l ml, 5-1 x 10 mole) and
_ p
2-propanol (3-9 ml, 5-1 x 10 mole) in 20 ml of dichloromethane were 
reacted as above. The reaction mixture was filtered; only the filtrate 
was saved. It was pulled to dryness on an aspirator equipped with a 
calcium chloride drying tube; 15 ml of dichloromethane and about 50 ml 
of hexane were added. The resulting solution was filtered again; a 
small amount of yellow precipitate (MP c_a. 90°) was formed. The 
filtrate again was pulled to dryness by aspiration; the resulting 
yellow solid (Product II) was filtered and dried. After a sample was 
analyzed for percent chloride, the solid was recrystalllzed from benzene
Product II, chloro(2-propoxy)bis(2,t~pentanedionato)titanium(IV)
MP: (before recrystallization) about 100°
Anal.: See p. 8 for calculated percentages for TiCl(0C3H^)(C^H^02 )
56
Found: Cl before recrystallization = 11.8$; Cl after recrystalli­
zation = 10.90%; C = U5.?6%; H = 6.23%. C and H values obtained 
for recrystallized product.
IR spectral data: See Figure XXII.
2 -1 -1
Molar conductivity: Aq = 0.55 cm ohm mole (conc. = 5*3
“3x 10 M in nitrobenzene).
3. Reaction of Trichloro(2,^-pentanedionato)titanium(lV)
•with 2-Propen-l-ol and Pyridine in a 1:1:1 Molar Ratio
_ o
Trichloro(2,^-pentanedionato )titanium( IV) (12.33 g 5 +^.89 x 10 
mole) was added to a 100-ml 2-necked flask containing a stirring bar 
and equipped with nitrogen inlet and dropping funnel; the flask -was 
placed in an ice bath and 30 ml of dichloromethane were added. 2-Propen-
l-ol (3.6U ml, 5-35 x 10 ^ mole) and pyridine (3-93 ml, k.87 x 10 ^ mole) 
in 15 ml of dichloromethane were added dropwise -with stirring; the reac­
tion mixture "was allowed to stir about 1.5 hours after the addition was 
completed. A beige-to-yellow precipitate appeared (Product I); it was 
filtered, washed with hexane, and dried in vacuo.
The filtrate containing the hexane washings from Product I 
was allowed to stand for one week; a small amount of yellow solid, 
which was removed by filtration, precipitated. The filtrate was then 
evaporated to dryness on an aspirator equipped with a calcium chloride 
drying tube; the resulting yellow-orange solid (Product II) was sus­
pended in hexane, filtered, and dried. After a sample was analyzed for 
percent chloride, the product was recrystallized from benzene; the re- 
crystallized Product II was yellow in color.
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Product I, pyridinium pentachloro(2-propen-l-oxy)titanate(IV)
MP: l85°-250° decomposes.
Anal. : Calcd. for (C^HgN^(TiCl^OC^): Cl = 40.06%; C = 35-29%;
H = 3.87%. Found: Cl = 39-51%, 39-07%, 39-12%; C = 3*1-93%:
H = 4.04%.
IR spectral data:- See Figure XXIII.
Product II, chloro (2-propen-l~oxy )bis (2 ,4-pentanedionato )— 
titanium(lV)
MP: ca. 90°-110° decomposes.
Anal.: Calcd. for TiCl ( O C ^  ) (C^H^Og )£ : Cl = 10. *+7%; C = 46.11%;
H = 5-66%. Found: Cl = 11.09%, 11.14%; C = 46.09%; H = 5-72%.
IR spectral data: See Figure XXIV.
2 —1 —1Molar conductivity: Aq =0.26 cm ohm mole (conc. = 3-7
_2
x 10 M in nitrobenzene).
^ * Preparation of 3-Methyl-2,4—pentanedione
.3-Methyl-2,4-pentanedione was prepared in a manner similar to
40 ,that reported by Johnson, Markham, and Price . 2,4—Pentanedione
(133.2 ml, 1.30 mole) was added to a 1-liter 3-necked round bottom 
flask equipped with a paddle-type stirrer and a reflux condenser.
Acetone (350 ml), potassium carbonate (70 g), and iodomethane (27-4 ml,
0.440 mole) were then added to the flask. The reaction mixture was 
allowed to reflux with stirring under nitrogen for ca. 25 hours; it was 
then cooled in an ice bath. Potassium iodide was removed by filtration. 
The filtrate was concentrated by evaporation in vacuo on a rotary evapo­
rator to remove acetone; the remaining yellow liquid was fractionally
distilled through a V* Vigreaux column, and the fraction boiling 
between 158° and 175° was saved. This fraction was then redistilled, 
the fraction boiling between 168.3° and 170.5° being saved. Reported 
bp is 172°.
5. Reaction of Trichloro(3-methyl-2,^-pentanedionato)— 
titanium(lV) with 1-Propanol and Pyridine in a 1:1:1 
Molar Ratio
_2
Titanium(lV) chloride (3.0 ml, 2.8 x 10 mole) was dissolved
in 30 ml of dichloromethane in a 100-ml 3-necked round bottom flask
containing a stirring bar and equipped with nitrogen inlet and dropping
funnel; the flask was placed in an ice bath. 3-Methyl-2,^ -pentanedione
_2
(3.1+ ml, 2.9 x 10 mole) in 15 ml of dichloromethane was added dropwis< 
with stirring; the mixture was then refluxed for 30 minutes under a 
vigorous stream of nitrogen to remove hydrogen chloride. 1-Propanol 
(2.2 ml, 2.9 x 10 ^ mole) and pyridine (2.3 ml, 2.9 x 10 ^ mole) in 
10 ml of dichloromethane were added dropwise to the dark suspension of 
trichloro(3-methyl-2,l+-pentanedionato )titanium(IV) with stirring. An 
orange solid (Product I) precipitated; the mixture was allowed to 
stir at room temperature for about 20 minutes before distillation. 
Product I was then filtered, washed with hexane, and dried in vacuo.
The filtrate, containing the washings of hexane from Product 
I, was evaporated on an aspirator equipped with calcium chloride dry­
ing tube for 35 minutes to remove dichloromethane, then was filtered 
again. A small amount of solid, yellow after drying in vacuo, was 
recovered. The filtrate was then pulled nearly to dryness by aspira­
tion; a reddish gummy oil resulted, which became a yellow solid upon
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tituration in hexane. The solid (Product II) was filtered, washed with 
hexane, and dried in vacuo.
Product I, pyridinium pentachloro(l-propoxy)titanate(IV)
Anal. : Calcd. for ( C ^ N ) 2( T i C l ^ C ^ ): Cl = 39-88$; C = 35-13$;
H = k.31%. Found: Cl = 3 9 . ^ ,  39.W ;  C = 3h.9±%\ H = *+.28$.
Product II, chloro(l-propoxy)bis(3-methy1-2,^-pentanedionato)- 
titanium(IV)
Anal.: Calcd. for TiCl(OC3H ^ ) ( C ^ O ^ :  Cl = 9-62%. Found:
Cl = 10.01$, 10.09$.
6. Reaction of Trichloro(3-methy1-2,-U-pentanedionato)- 
titanium(IV) with 1-Propanol in a 1:1 Molar Ratio
Trichloro(3-methyl-2,U-pentanedionato)titanium(lV) was pre-
—2pared as described previously from 3.0 ml (2.8 x 10 mole) of titanium-
— P(IV) chloride and 3.2 ml (2.7 x 10 mole) of 3-methyl-2 ,*+- pentanedione;
—2this product was not isolated. 1-Propanol (2.2 ml, 2.9 x 10. mole) in
10 ml of dichloromethane was added dropwise with stirring; the reaction 
mixture was observed to turn nearly black. It was refluxed over an
011 bath for about 3 hours; 15 ml hexane were then added, and the 
product (a red solid) was filtered and dried. Percent chloride and 
infrared spectral data indicated the product to be dichlorobis(3—methyl— 
2,l+-pentanedionato )titanium(lV).
Anal.: Calcd. for TiCl^(CgH^O^)^: Cl = 20.55$* Found: Cl =
20.59$, 20.56$.
7• Reaction of Trichloro(3-methyl-2,U-pentanedionato)-
titanium(IV) and 2-Propen-l-ol in a 1:1 Molar Ratio
Trichloro (3-methyl-2 ,l+-pentanedionato )titanium(lV) prepared
as described previously, isolated, and dried (3.59 g> 1.3U x 10 mole)
was added to a 100-ml 3-necked round bottom flask containing a stirring
bar and equipped with nitrogen inlet and dropping funnel. The flask
was placed in an ice bath; 30 ml of dichloromethane were added.
_ 2
2-Propen-l-ol (1.2 ml, 1.8 x 10 mole) in dichloromethane was added 
dropwise with stirring; the reaction mixture was then refluxed for 3 
hours. Hexane (c_a. 10-15 ml) was added; the dichloromethane was then 
boiled off through the reflux condenser on an oil bath. The red pro­
duct was filtered, washed with hexane, and dried Pn vacuo. Percent 
chloride indicated the product probably consisted mostly of 
dichlorobis(3-methyl-2,U-pentanedionato)titanium(lV); infrared and 
HMR spectra indicated little 2-propen-l-oxy group to be present in 
the product.
Anal.: Calcd. for TiCl0(Cc-Hr70o)0: Cl = 20.55$. Found: Cl =  2 5 7 2 2
21.60$, 21.63$.
D. Physical Measurements
1. Conductance Measurements
Conductivities were measured in nitrobenzene at room tempera­
ture, using an Industrial Instruments Conductance Bridge and a Freas- 
type conductivity cell with a cell constant of 0.17 cm Molar con­
ductivities, Aq, were calculated from the equation
j[ - (0*17 cm ^)(lOOO cm^ liter ~*~)(L, ohm )
° (C, mole liter 1 )
in which L is the measured conductance value and C is the molar con­
centration of complex.
2. Chloride Determinations
The percent chloride was determined "by potentiometric titra­
tion with standard silver nitrate solution using a Fisher Accumet Model 
210 pH meter equipped with glass and silver electrodes. The samples 
were prepared for titration "by decomposition in water or in aqueous 
potessium hydroxide followed by acidification with 6M nitric acid.
3. Melting Points
All melting points were taken in sealed capillaries using a 
Hoover Melting Point Apparatus, and are uncorrected.
^• Infrared Spectra
Infrared spectra were run as Nujol mulls using a Perkin- 
Elmer ^57 IP spectrophotometer. Potassium bromide cells were used.
5• Nuclear Magnetic Resonance Spectra
NMR spectra were run on a Perkin-Elmer R-20B spectrophoto­
meter equipped with a variable-temperature probe.
6 . Carbon-Hydrogen Analyses
Carbon and hydrogen analyses were done by Alfred Bernhardt 
Microanalytical Laboratory.
IV. RESULTS AND DISCUSSION
A. Preparative Chemistry
In an effort to prepare dichloro(2-propen-l-oxy)(3-methyl- 
2,^-pentanedionato)titanium(lV).5 a potential model compound for a 
Ziegler-type alkylation reaction at the double bond of the 2-propen-l- 
oxide ligand, trichloro(3-methyl-2,^-pentanedionato)titanium(IV) was 
allowed to react at reflux with 2-propen-l-ol in a 1:1 molar ratio in 
dichloromethane. The 3-methyl-2pentanedionato compound was used in 
preference to the analogous and more easily accessible 2,k—pentanedionato 
compound because of NMR studies by Thompson, Somers, and Workman^ which in­
dicate that the 3-methy1-2 ,^ -pentanedionato compound exists in dichloro­
methane solution as essentially the pure trichloro complex rather than 
as an equilibrium mixture of the trichloro complex with the dichlorobis- 
(3-diketonato)titanium(lV) complex and titanium(lV) chloride such as 
has been shown^ to exist' in the case of trichloro(l-pheny 1-1 ,3-butane- 
dionato)titanium(IV) in nitrobenzene solution. It was hoped that re­
placement of one of the chloride ligands by an alkenyloxy ligand would 
occur, eliminating hydrogen chloride and yielding the desired dichloro- 
(2-propen-l-oxy)(3-methyl-2 ,^ -pentanedionato)titanium(IV) complex; the 
reaction, however, yielded only the well-characterized dichlorobis- 
(3-methyl-2, 4^—pentanedionato)titanium(IV) An analogous reaction
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■with the potentially less-reactive 1-propanol was also observed to 
yield the dichlorobis(3-methyl-2,4-pentanedionato) product.
In order to facilitate removal of hydrogen chloride from 
the reaction mixture by precipitation in the form of pyridinium chloride, 
and to achieve milder conditions for the reaction, trichloro(3-methyl- 
2, ^ 4-pentanedionato )titanium(IV) was allowed to react with 1-propanol 
and pyridine in a 1:1:1 molar ratio in dichloromethane at 0°. It was 
hoped that this reaction would yield dichloro(l-propoxy)(3-methyl- 
2,^-pentanedionato)titanium(IV) via the reaction
TiClo(C^H„0o ) + CoHr70H + C H J ----- >3 6 9 2 '  3 7  5 5
TiCl2 (0C3H7)(C6H902) + [C5H NH]C1..
It was found, however, that dropwise addition of a dichloromethane 
solution of a mixture of 1-propanol and pyridine to a slurry of 
trichloro(3-methyl-2,U-pentanedionato)titanium(lV) in dichloromethane 
with stirring at 0° yielded an immediate orange precipitate which 
after work-up at room temperature was shown by analysis to be pyridinium 
pentachloro(l-propoxy)titanate(IV). From the filtrate a second, yellow 
solid, which analysis showed to be chloro(l-propoxy)bis(3-methyl-2,b- 
pentanedionato)titanium(IV), was isolated.
Because of the potentially six-coordinate nature of the ob­
served products, and because of the greater availability of 2,^-pentane- 
dione as opposed to 3-methy1-2,U-pentanedione, trichloro(2,4-pentane- 
dionato)titanium(lV) was employed in subsequent synthetic work. It 
was observed that trichloro(2,U-pentanedionato)titanium(IV) reacts
6k
with 1-propanol, with 2-propanol, and with 2-propen-l-ol in the 
presence of pyridine in a 1:1:1 molar ratio in dichloromethane under 
inert atmosphere at 0° to yield the appropriate pyridinium pentachloro- 
(alkoxy)titanate(lV) salt and the appropriate chloro(alkoxy)bis(2,U- 
pentanedionato)titanium(IV) complex.
Several possible pathways can reasonably be postulated for 
the above reaction in the presence of pyridine; three, two involving 
the originally-desired dichloro(alkoxy)(2,^-pentanedionato)titanium(lV) 
complex as an intermediate and one involving no intermediate of this 
type, are discussed below.
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Mechanism I. Serpone, Bird, Bickley, and Thompson , as
noted previously (Section II B, Part 2), have found by single-crystal
X-ray studies that trichloro(2,U-pentanedionato)titanium(IV) exists in
the solid state as a dimer with bridging chlorine ligands. (See
Figure X.) In addition, molecular weight studies of trialkoxy(2,^-
*7 18pentanedionato)titanium(IV) complexes 3 indicate that some association 
to form dimeric or oligomeric species occurs for these compounds, par­
ticularly for compounds containing less-bulky alkoxide ligands in 
concentrated benzene solutions. On this basis, it is reasonable to 
expect that dichloro(alkoxy)(2,4-pentanedionato)titanium(IV) complexes 
would tend to associate to some degree in concentrated solutions in 
non-coordinating solvents.
It is also reasonable to expect that complexes of this type
would contain alkoxide rather than chloride or 2,^-pentanedionate as
29the bridging ligand. Watenpaugh and Caughlan report on the basis of
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X-ray studies that dichlorodiphenoxytitanium(lV) exists as a dimer
30with phenoxide bridges; and Collis has shown, by the absence of
terminal titanium-oxygen bands in the infrared spectrum, that oxo-
chloro(2,U-pentanedionato)titanium(IV) exists as an oxygen-bridged
31 32dimer. In addition, infrared studies by Kawasaki and coworkers 5 
on dihalo(methoxy ) ( 2 pentanedionato)tin(IV ) compounds (halo = chloro, 
bromo, and iodo) and on some halo(alkyl)(methoxy)(2,U-pentanedionato)— 
tin(IV) compounds (halo = chloro, bromo; alkyl = methyl, ethyl, and 
1-butyl) show all these compounds to exist as alkoxide-bridged dimers.
If we assume therefore that the initial product of the reac­
tion of trichloro(2,^ -pentanedionato)titanium(lV) with an alcohol in 
the presence of pyridine in a 1 :1:1 molar ratio is an alkoxide-bridged 
dimer of a dichloro(alkoxy)(2 ,^ -pentanedionato)titanium(lV) species, 
the. products isolated must be produced via some rearrangement, involv­
ing a series of cleavages at the bridging bond followed by twisting of
one half of the dimer, is shown in Figure XVIII.
The pyridinium pentachloro(alkoxy)titanate(IV) is formed via 
the reaction of the trichloro(alkoxy)titanium(IV) formed in the rear­
rangement/splitting reaction of the dimer (l mole) with the pyridinium
chloride produced in the formation of the dimer (2 moles).
Mechanism II. Thompson, Rosser, and Barrett1^ report, based 
on NMR spectral evidence, that trichloro(l-phenyl-1,3-butanedionato)— 
titanium(lV) appears to exist in nitrobenzene solution in an equilibrium 
with dichlorobis(l-phenyl-1,3-butanedionato)titanium(lV) and tltanium(XV) 
chloride. If a similar equilibrium exists for the analogous 2,l*-pentane- 
dionato compounds in dichloromethane solution, the following may be the
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— c i ^ -Cl
+ 2 EOH + 2 CgH^N
Cl
— 0 —
(Continued on next page)
Figure XVIII. Possible Mechanism for Formation of Chloro(alkoxy)bis- 
(2,lt-pentanedionato)titanium(lV) and Pyridinium Pentachloro- 
(alkoxy)titanate(IV) Involving a Bis[dichloro(alkoxy)( 2 -pentane­
dionato) titanium (IV^ Intermediate
OR
(Continued on next page)
Figure XVIII (continued)
ROr-
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+ TiCl_(OR)
2 + TiCl?(OR)  ? &iCl
5 2 u 5
Figure XVTII (conclusion)
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scheme by which the chloro(alkoxy)bis(2,U-pentanedionato)titanium(lV) 
complexes and the pyridinium pentachloro(alkoxy)titanate(IV) salts are 
being produced:
2 TiCl3(C H70£) £=±1101^ + TiCl2(C5H702 )2 (l)
TiCl2 (C H 02 )2 + ROH + C-HJS- >
TiCl(0R)(C5H702)2 + [Cr-H^ NH] Cl (2)
TiCl^ + ROH +  >TiCl3(0R) + [C-H NH] Cl (3)
TiCl3(0R) + 2 [C^Hj-NHjCl > [CjH^JH] £ [TiCl (OR)] (If)
2TiClo(CcH„0„) + 2 ROH + 2 CcH.-N----
o 5 ( 2 5 5
TiCl(OR) (Cj-H 0o)0 + tC_H_HH] o[Ti01(_(OR)] (overall 
5 7 2 2  5 5  2 5 reaction)
The evidence available at this time is not sufficient either 
to confirm or to eliminate either of these two mechanisms. Mechanism 
II is attractive because of its apparent simplicity. It should be 
possible to test this mechanism by allowing dichlorobis(2,^-pentane- 
dionato)titanium(IV) to react with an alcohol and pyridine in a 1:1:1 
molar ratio as in equation (2) above at 0° in dichloromethane. If the 
chloro(alkoxy)bis(2 ,^ -pentanedionato)titanium(IV) product is not re­
covered, or if the reaction proceeds very slowly, this mechanism can 
be ruled out; if the reaction occurs as written at a rapid rate, this 
test will provide strong evidence for the feasibility of this mechanism.
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We have not at this time studied the reaction in question.
Two studies, however, have been reported of the reactions of dihalobis-
(2,^-pentanedionato) compounds of Group IV metals with alcohols in
8ratios of 1:2 or greater. Puri, Pande, and Mehrotra report that
dichlorobis (2, U-pentanedionato.)titanium(IV) reacts with alcohols in a
1:2 molar ratio in benzene with an excess of the Lewis base ammonia
present to yield dialkoxybis (2 ,*4—pentanedionato)titanium(lV) compounds.
31In addition, Kawasaki and Okawara report that dihalobis(2,U-pentane- 
dionato)tin(lV) compounds (halo = bromo, chloro, iodo) react with an 
excess of methanol in dichloromethane solution with no Lewis base pre­
sent to yield bis[dihalo(methoxy)(2,^-pentanedionato)tin(lV)3 complexes.
The results with tin(IV) complexes are interesting on two 
accounts; first, the alkoxide ligand is found to replace a 2,^-pentane- 
dionate rather than a halide ligand; and, second, a similar reaction 
could be occurring in the trichloro(2,U-pentanedionato)titanium(IV)- 
alcohol-pyridine system. This reaction forms the basis of Mechanism 
III:
2 TiCl3(C5H 02)<=± TiCl2(C5H702)2 + TiCl^ (l)
TiCl2(C5H702 )2 + ROH >TiCl2 (0R)(C H702) + H(C (2)
TiCl. + 2 CcHrN + ROH + H(C,-H„0o) S>
 ^ 5 5 5 I 2
TiCl2(0R)(C H 02 ) + 2 [C^H^NH]Cl (3)
2 TiCl_(CcH„0„) + 2 ROH + 2 CcHcN  >
3 5 7 2 5 5
2 TiCl0 (OR) (Ct-H70o) + 2 Cl
2 5 ( 2  5 5
(overall
reaction)
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The final products are then formed as in Mechanism I (Figure XVIII).
Evidence available at the present time does not permit us to eliminate
Mechanism III as a possible mechanism although the fact that the final
products are not formed in the absence of pyridine, however, renders
this mechanism (in which the intermediate is formed with the aid of a
Lewis base) somewhat unlikely.
Formation of Pyridinium Pentachloro(alkoxy)titanate(IV) Salts.
The formation of these salts is probably via the reaction of pyridinium
chloride with trichloro(alkoxy)titanium(IV) in a 2:1 molar ratio. In
the disproportionation reaction postulated for Mechanisms I and III,
the trichloro(alkoxy)titanium(IV) complex is formed via the breakup of
the bridged intermediate. In Mechanism II, the reaction represented
by equation (3) involves the reaction of titanium(IV) chloride with an
33alcohol in the presence of pyridine; Feld and Cowe report that this 
reaction yields the trichloro(alkoxy)titanium(IV) product and pyridinium 
chloride when ethanol is the reacting alcohol, and when 1-butanol is 
employed under controlled conditions. In no case is pyridinium 
tetrachloro(alkoxy)titanate(IV) reported to occur.
B. Physical Properties
1. Pyridinium Pentachloro(alkoxy)titanate(IV) Complexes
As just mentioned, the reactions of trichloro(2,U-pentane- 
dionato)titanium(lV) with mixtures of an alcohol and pyridine in a 
1:1:1 molar ratio in dichloromethane solution yield immediate orange 
precipitates. These precipitates are insoluble in common organic solvents 
such as dichloromethane, benzene, hexane, nitrobenzene, and acetonitrile;
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this insolubility limits the characterization of these compounds to 
the solid state.
Elemental analysis is consistent 'with the compounds being 
pyridinium pentachloro(alkoxy)titanate(IV) salts. This structural 
assignment is supported by the solid-state infrared spectra (Figures 
XIX, XX, and XXI). The five bands observed in the 3250-3050 cm ^ 
region for each of these spectra are characteristic for the N-H and 
C-H stretching modes of the pyridinium ion, confirming its presence.
In addition, the absence of bands in the 36^0-3610 cm ^ (0-H stretching) 
region indicate that molecular alcohols are not present; bands at ca. 
li+60-1^50, 1100-1000 and 900-850 cm 1 point to the presence of alkoxide 
groups in the complex.
These compounds do not melt, but are observed to decompose 
over a fairly broad temperature range around 200°. The absence of a 
sharp melting point is disappointing, but nevertheless the high tempera­
tures observed for decomposition preclude the existence of these com­
pounds as 2:1 mixtures of pyridinium chloride and trichloro(alkoxy)- 
titanium(lV) compounds; the reported melting points of trichloro(l- 
propoxy)- and trichloro(2-propoxy)titanium(IV) are 65-66° and 78-79° 
respectively^, considerably lower than the temperatures (180-200°) at 
which decomposition was initially observed.
Due to the insolubility of these compounds in appropriate 
solvents, conductivity measurements could not be made. The compounds 
are extremely moisture-sensitive, decomposing almost immediately upon 
contact with liquid water and quite rapidly upon exposure to the 
atmosphere.
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2. Chloro (alkoxy )bis (2, ^ -pentanedionato )titanium(lV) Complexes
Evaporation to dryness of the filtrates from pyridinium penta- 
chloro(alkoxy)titanate(IV) complexes gives yellow solids. These solids 
can he recrystallized from benzene; they are soluble in dichloromethane, 
benzene, and nitrobenzene but insoluble in hexane.
The elemental analyses of these compounds are consistent with 
their being chloro(alkoxy)bis(2,U-pentanedionato)titanium(lV) complexes. 
Infrared spectral evidence (Figures XXII, XXIII, and XXIV) supports this 
assignment and points to the existence of these compounds as six-coordi­
nate species containing chelated 2,4-pentanedionate. The expected 
35bands , listed in Table VI, for the chelated 2,U-pentanedionate ligand 
are observed in the infrared spectra; in addition, the absence of bands 
in the 1700-1600 cm ^ region indicates that there is little or no 
unperturbed carbonyl function present, providing further evidence for 
a chelated structure. Any possibility that these compounds might con­
tain coordinated pyridine is eliminated as well by the absence of bands 
in the 1700-1600 cm ^ region.
Comparison of the infrared spectra of these compounds with 
the spectrum of dichlorobis(2,4-pentanedionato)titanium(lV), shown in 
Figure XXV, shows several bands to be present in the 1200-1050 and 
1000-980 cm ^ regions of the spectra of the chloro(alkoxy) complexes 
which are not present in the spectrum of the dichloro complex. In 
addition, the l-propoxy and 2-propoxy complexes each show a band in 
the 6^0-630 cm ^ region and the 2-propen-l-oxy complex shows a moder­
ately strong band at 575 cm on the basis of infrared evidence pro-
20vided by Bradley and Holloway for alkoxide titanium-oxygen stretching
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TABLE VI. Expected Infrared Bands for Chelated 2 Pentanedionate28
Frequency Range, cm-1 Assignment 35,36,37
1600-1500 C-----0 stretch
C-----C stretch
101+0-1010
950-920
500-^00
-CH^ rock
(C-CH^) + (C 0 ) stretch
M-0 stretch
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frequencies of dialkoxybis(2,4-pentanedionato)titanium(lV) compounds, 
these bands can be assigned to alkoxide titanium-oxygen stretching 
modes. Infrared evidence therefore indicates that these compounds 
contain coordinated alkoxide ligands.
These complexes do not melt, but are observed to decompose 
around 80-100°; recrystallization from benzene did not noticeably 
narrow the decomposition range. It is disturbing that these compounds 
do not have sharp melting points; this lack of veil-defined melting 
points, however, appears to be due to decomposition rather than to the 
existence of these compounds as mixtures of the dichloro and dialkoxy 
complexes either alone or vith the chloro(alkoxy) complexes. The de­
composition temperatures are intermediate between the melting points
jL 8of the dialkoxy complexes (Yamamoto and Kambara report the di(l—pro- 
poxy) complex to be a liquid at room temperature; and Puri, Pande, and 
Mehrotra report the di(2-propoxy) complex to be a solid at room tem­
perature, distillable under lov pressure without decomposition at ca.
120°), and the melting point of the dichloro complex, which is reported
9 oby Fay and Lowry to be 190-193 •
Molar conductivity measurements for these compounds were 0.31, 
2 —1 —10.55, and 0.26 cm ohm mole for the 1-propoxy, 2-propoxy, and
2-propen-l-oxy complexes respectively at concentrations on the order 
-3of 10 molar in nitrobenzene. These conductivities are consistent 
with the existence of these compounds as nonelectrolytes, at least 
at this approximate concentration in this solvent.
These compounds do not appear to be highly sensitive to 
moisture; some decomposition, however, was observed after a sample of
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of the 2-propoxy complex was allowed to stand in the atmosphere for a 
period of time exceeding four days.
C. Structure and Stereochemistry
1. Pyridinium Pentachloro(alkoxy)titanate(IV) Complexes .
There is only one stereochemical possibility for the six- 
coordinate pseudo-octahedral anion in complexes of this type; this 
structure, which has symmetry, is shown in Figure XXVI A .
2. Chloro (alkoxy )~bis (2 pentanedionato ) titanium(IV) 
Complexes
Two pseudo-octahedral structures are possible for compounds 
of the type TiXYL^ in which X and Y are monodentate anionic ligands 
and L is a symmetrical (3-diketonate ligand^; the cis structure, which 
has symmetry, and the trans structure, which has symmetry.
(See Figure XXVI B). In a cis chloro(alkoxy)bis(2,U—pentanedionato)- 
titanium(lV) complex, which has no elements of symmetry other than the 
identity element, all four terminal 2sk-pentanedionate methyl groups 
are symmetry nonequivalent, as are the two ring hydrogens. In a trans 
complex of this type, due to the presence of several symmetry elements 
not present in the cis complex, the four terminal 2 ,^ -pentanedionate 
methyl groups are symmetry equivalent, as are the two ring protons.
As a consequence of these symmetry considerations, the proton NMR 
spectrum of a non-exchanging cis complex of this type should show four 
terminal methyl resonances and two ring proton resonances for the 
2,1+-pentanedionate ligands; in the spectrum of the corresponding trans
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Pentachloro(alkoxy)titanate(IV) Anion and (B) Chloro(alkoxy)bis- 
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complex, only one 2 ,i+-pentanedionate methyl resonance and one ring 
proton resonance should be observed.
Variable-temperature proton NMR spectra for the chloro(l- 
propoxy)-, -(2-propoxy)-, and - (2-propen-l-oxy )bis (2 ,l|-pentanedionato)- 
titanium(lV) complexes are shown in Figures XXVII, XXVIII, and XXIX.
For each of these complexes, a single 2,^-pentanedionate methyl reso­
nance and a single ring proton resonance are observed at ca. 35°• As 
the temperature is lowered, the methyl resonance is observed to split, 
eventually showing three peaks having an intensity ratio of approximately 
1:1:2. The ring proton resonance is also observed to split, appearing 
at low temperatures as two peaks of approximately equal intensity.
If we attribute the larger of the methyl resonances in each 
case to the superposition of two resonances of approximately equal
chemical shifts and intensities, which is not at all an unreasonable 
12assumption , the evidence provided by the variable-temperature proton
M R  spectra of these compounds points strongly to their existence in
the cis configuration, at least at low temperatures. This evidence is
9 12 1^in excellent agreement with the results obtained by Fay and coworkers 5 5
for dihalobis(3-diketonato)titanium(IV) complexes (halo = fluoro,
chloro, and bromo ); 3-diketonato = 2,1+-pentanedionato, 1-phenyl-l,-
3-butanedionato, and 1 ,3-diphenyl-l,3-propanedionato), with those
reported by Thompson, Somers, and Workman'^' for the analogous dihalo-
(3-methy1-2,U-pentanedionato)titanium(IV) complexes, and with those
19 20reported by Bradley and Holloway 5 for dialkoxybis(2,^-pentanedionato)- 
titanium(lV) complexes (alkoxy = methoxy, ethoxy, 2,2,2-trifluorethoxy, 
2-propoxy, 1-butoxy, and 1 ,1-dimethyl ethoxy).. It is also consistent
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with the results reported by Thompson for chloro(phenyl)bis(2,k-
39pentanedionato)germanium(IV) and by Kawasaki and Tamaka for chloro-
(phenyl )bis (2,l+-pentanedionato )tin( IV) (Figure XXX); all of these
compounds are shown by NMR evidence to exist in the cis configuration.
There is no evidence in the spectra of the chloro(alkoxy)bis(2,^-pentane-
dionato)titanium(lV) compounds for a significant cis-trans equilibrium;
this is in contrast with the only other reported TiXYL^ compounds, the
chloro(TT-cyclopentadienyl)bis(3-diketonato)titanium(lV) complexes
(3-diketonato = 2,^-pentanedionato and 1-phenyl-l,3-butanedionato).
26Frazer and Newton report, on the basis of the splitting of the cyclo- 
pentadienyl resonance and the relative peak heights of the methyl reso­
nances for the 2,^-pentanedionato complex (Figure XIII), that at least 
this complex may exist as an equilibrium mixture of cis and trans 
isomers.
A comparison of the chemical shifts of the methyl and ring 
proton resonances for the 2,U-pentanedionate ligand shows that the 
values for the chloro(2-propoxy)bis(2,U-pentanedionato)titanium(IV) 
complex are intermediate between those for dichlorobis(2,1-pentane­
dionato )titanium(lV) and for di(2-propoxy)bis(2,U-pentanedionato)- 
titanium(lV). The chemical shift of the ring proton resonance for 
the chloro(2-propoxy) complex in trichloromethane at 3^° is 5.67 ppm 
(6) downfield from tetramethylsilane (TMS), as compared with 6.01 ppm
Q Q
for the dichloro complex in dichloromethane at 37 and 5*38 ppm for
o 23the di(2-propoxy) complex in carbon disulfide at 32 . For the
methyl resonance, the chemical shifts are: chloro(2-propoxy) complex,
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2.03 ppm; dichloro complex, 2.lh ppm; di(2-propoxy) complex, 1.875 ppm; 
solvents and temperatures the same as for the respective ring proton 
resonances. No NMR data were available for the di(1-propoxy) and 
di(2-propen-l-oxy) complexes; chemical shifts for the chloro(1-propoxy) 
and chloro(2-propen-l-oxy) complexes, however, are approximately the 
same as those for the chloro(2-propoxy) complex. Chemical shift data 
for the chloro(alkoxy) complexes is given on the diagrams of the NMR 
spectra.
Coalescence temperatures for the chloro(alkoxy)bis(2,U- 
pentanedionato)titanium(IV) complexes are listed in Table VII; the 
coalescence temperatures for. the dichloro and di(2-propoxy) complexes 
are included for comparison. It is to be noted that, as is true for 
the 2,U-pentanedionate proton chemical shifts, the coalescence tempera­
tures for the chloro(alkoxy) complexes are intermediate between those 
reported for the dichloro complex and for the di(2-propoxy) complex.
In the NMR spectra at ca. 35° for the chloro(1-propoxy) and 
the chloro(2-propoxy) complexes, a very small peak appears as a shoulder 
on the downfield side of the 2 ,4-pentanedionate methyl resonance. The 
cause of this peak is not known at the present time; the peak may, 
however, be due to the presence of a small amount of dichlorobis- 
(2,^-pentanedionato)titanium(lV) formed in the equilibrium reaction
2 TiCl(0B)(C H 02 )2 TiClg (C^H 0£ )'2 + Ti (OR )£.
9
A similar equilibrium has been reported by Fay and Lowry to exist m  
mixtures of difluoro- and dibromobis(2,^-pentanedionato)titanium(lV).
The chemical shift for the small peak is 2.11+ ppm downfield from TMS,
TABLE VII. Coalescence Temperatures for Chloro(alkoxy)- 
his(2,U-pentanedionato)titanium(IV) Complexes*
Complex 
TiCl(1-propoxy)(C5H^02)2
TiCl (2-propoxy) (C^ H^ C>2 )2
TiCl2(G5H 02 )2 (Ref. 9, Table k) 
Ti(2-propoxy)2(C^H^02 )2 (Ref. 20)
0 to -10° (methyl resonance)
-10 to -25° (ring H resonance)
5 to -5° (methyl and- ring 
H resonances)
-26° (methyl and ring H resonances
+32° (methyl and ring H resonances
* The measurements for the chloro(alkoxy) complexes were made in 
trichioromethane; that for the dichloro complex, in dichloromethane; 
that for the di(2-propoxy) complex, in either dichloromethane or carbon 
tetrachloride.
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9identical to the chemical shift reported by Fay and Lowry for the 
methyl resonance in the dichloro complex. No peaks specifically 
attributable to the dialkoxy complexes, which would be formed in the 
above equilibrium, are observed; there is, however, a series of small 
peaks in the 1.8-1.9 ppm regions of these spectra, and it may be in 
each case that one of these small resonances is. the methyl resonance 
for the dialkoxy complex. Also, no ring resonances attributable to 
either the dichloro or the dialkoxy complexes are visible; due to the 
relative peak heights of 6:1 for the methyl and ring proton resonances 
in these compounds, however, the ring proton resonances for the dichloro 
and dialkoxy complexes in these systems would be expected to be extrem­
ely small.
If the equilibrium is present, it does not appear to shift 
significantly to the right as the temperature is lowered; if it did 
so, and the farthest-downfield methyl resonance at low temperatures 
were due to the dichloro complex, a corresponding peak or series of 
peaks of roughly equal intensity to the farthest-downfield peak would 
have to be present at ca. 1.8-1.9 ppm as a result of the presence of 
the dialkoxy complex. In addition, the ring proton resonances for the 
dichloro and dialkoxy complexes would be intense enough to be visible 
at these low temperatures. None of these phenomena are observed for 
either the chloro(1-propoxy) or the chloro(2-propoxy) complex; the 
lowest-field methyl resonance, therefore, cannot be due exclusively 
to the dichloro complex, and is probably due either solely to one of 
the 2,4-pentanedionate methyl groups in the chloro(alkoxy) complex or
101
to a superposition of one methyl resonance from the chloro(alkoxy) 
complex and the small peak.
D. Conclusion
Trichloro(2,4-pentanedionato)titanium(lV) reacts with alcohols 
and pyridine in a 1:1:1 molar ratio to yield pyridinium pentachloro- 
(alkoxy)titanate(lV) compounds and chloro(alkoxy)bis(2,4-pentanedionato)- 
titanium(lV) complexes. The former compounds appear on the basis of 
infrared evidence to be salts containing the six-coordinate pentachloro- 
(alkoxy.)titanate(IV) anion; due to insolubility in appropriate solvents, 
these complexes were not characterized beyond elemental analyses, melt­
ing points, and solid-state infrared spectra. The chloro(alkoxy)bis- 
(2, 4-pentanedionato )titanium(IV) complexes are nonelectrolytes in 
nitrobenzene solution, are shown by infrared evidence to contain alkoxide 
and chelated 2,4-pentanedionate ligands, and appear on the basis of their 
variable-temperature NMR spectra to exist in the cis configuration in 
trichloromethane solution. Their decomposition temperatures and NMR 
spectral data indicate behavior intermediate between that of the corre­
sponding well-characterized dichloro and dialkoxy complexes.
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